Severe heat-shock to bone cells caused during orthopaedic procedures can result in thermal damage, leading to cell death and initiating bone resorption. By contrast, mild heat-shock has been proposed to induce bone regeneration. In this study, bone cells are exposed to heat-shock for short durations occurring during surgical cutting. Cellular viability, necrosis and apoptosis are investigated immediately after heat-shock and following recovery of 12, 24 h and 4 days, in osteocyte-like MLO-Y4 and osteoblast-like MC3T3-E1 cells, using flow cytometry. The regeneration capacity of heat-shocked Balb/c mesenchymal stem cells (MSCs) and MC3T3-E1s has been investigated following 7 and 14 day's recovery, by quantifying proliferation, differentiation and mineralization. An immediate necrotic response to heat-shock was shown in cells exposed to elevated temperatures (458C, 478C and most severe at 608C). A longer-term apoptotic response is induced in MLO-Y4s and, to a lesser extent, in MC3T3-E1s. Heat-shock-induced differentiation and mineralization by MSCs. These findings indicate that heat-shock is more likely to induce apoptosis in osteocytes than osteoblasts, which might reflect their role as sensors detecting and communicating damage within bone. Furthermore, it is shown for the first time that mild heat-shock (less than equal to 478C) for durations occurring during surgical cutting can positively enhance osseointegration by osteoprogenitors.
INTRODUCTION
Surgical procedures, such as brain, orthopaedic joint replacement and spinal surgery, critically rely on specialized instrumentation to provide surgeons with access to bones and organs of the body. Such procedures require surgeons to cut through bone tissue to gain access to underlying organs and joints, while causing minimal damage [1] . During surgical cutting, bone and surrounding soft tissues are exposed to mechanical abrasion and elevated temperatures, which are generated by the cutting process. Elevated temperatures lead to thermal necrosis and apoptosis of bone cells, as well as damage to surrounding soft tissue, bone marrow and cells crucial for post-operative healing [2] [3] [4] [5] [6] . As a direct response to necrotic and apoptotic cellular death [2] , thermally damaged bone tissue and cells are subsequently resorbed [5] [6] [7] [8] , and as such, temperature elevations are likely to affect patient outcome by delaying healing [3] [4] [5] 7] . It has been shown that post-surgical healing of osteotomies in rabbit tibia is largely dependent on the duration of cutting, which is tightly linked with the degree of temperature elevation [8] [9] [10] , and that in vivo remodelling of rabbit tibial bone exposed to 538C within a thermal chamber for 1 min did not begin until three to five weeks after heat injury [4] .
Elevated temperatures during orthopaedic surgery induce bone tissue damage, the extent of which is dependent on the temperature itself and the duration of exposure [3] [4] [5] [6] [7] 11] . It is generally accepted that the threshold for the occurrence of morphological bone tissue damage is 478C for 1 min. Longer durations and higher temperatures result in irreversible damage to bone, which is subsequently resorbed and replaced with connective tissue [5] . Depending on the extent of heatshock, responses are triggered at the cellular level, leading to cell death by either necrosis or apoptosis. Cellular necrosis is the immediate response to severe injury occurring within minutes of cellular insult and is characterized by cell swelling and loss of membrane integrity, ultimately triggering an inflammatory response. Apoptosis is a highly regulated and coordinated process beginning hours after injury, involving the systemic disassembly of the structural and functional components of the cell, which are packaged into membrane-bound vesicles and phagocytosed, eliminating an associated inflammatory response [2, [12] [13] [14] . It has been reported that rat calvarial osteoblasts exposed to severe heat-shock (488C for 10 min) demonstrated irreversible responses of cell necrosis and apoptosis after 12 h recovery, whereas less severe insult (more than or equal to 458C for 10 min) lead to transient reversible responses such as disruption of the actin cytoskeleton [2] . However, continuous surgical cutting of bone rarely lasts more than 1 min and the precise effect of thermal elevations for such short durations have not been investigated. Therefore, there is a distinct need for a profile of cellular viability, necrosis and apoptosis for time and temperature combinations that occur during surgical cutting procedures.
It has been reported that exposure of human MSCs to mild thermal elevations, 42.58C for 1 h, enhanced the extent of osteoblastic differentiation by up to 42 per cent [15] . Furthermore, conditioned media from heat-treated (428C for 1 h) human foetal osteoblasts promoted osteogenesis of MSCs and was accredited to secreted factors in the heat-treated media [16] . Such studies suggest that slight temperature elevation for long durations can actually induce a positive cellular response, enhancing tissue regeneration. Whether such responses occur during the shorter durations of temperature elevation experienced during surgical cutting is unknown.
The ideal outcome of surgical cutting is to remove bone tissue while minimizing cellular damage, but also to leave a cut surface that is favourable for cell attachment and new matrix deposition to facilitate effective healing post-operatively [1] or formation of a strong bond between the implant and surrounding bone (osseointegration). Unfavourable outcomes include connective tissue formation around the implant, which can affect the long-term anchorage of the implant by delaying formation of a mature bone interface [5, 7, 17, 18] . To date, the optimal cutting criteria to minimize thermal necrosis and apoptosis and to synergistically enhance tissue regeneration by inducing mineralization are unknown.
The objectives of this study were to expose MSCs, osteoblasts and osteocytes to elevated temperatures for the durations that occur during orthopaedic cutting procedures in order to investigate: (i) the immediate and long-term effects of heat-shock on bone cell necrosis, apoptosis and viability; and (ii) the regeneration capability of osteoprogenitor cells following heat-shock.
MATERIAL AND METHODS

Cell culture
Two bone cell-lines (osteocyte-like MLO-Y4 and osteoblast-like MC3T3-E1 cells) and Balb/c mouse MSCs were used in this study. Murine-derived MLO-Y4 cells (a gift from Prof. Lynda Bonewald, San Antonio) possess many similar characteristics with primary osteocytes such as low expression of alkaline phosphatase (ALP) and producing numerous dendritic processes [19] . MLO-Y4 cell cultures were maintained on collagen-coated flasks in a-modified minimal essential medium (a-MEM) supplemented with 2.5 per cent foetal bovine serum (FBS, HyClone Laboratories Inc.), 2.5 per cent iron-supplemented calf serum (FCS, HyClone Laboratories Inc.), 2 mM L-glutamine, 100 U ml 21 penicillin and 100 mg ml 21 streptomycin. MC3T3-E1 osteoblastlike cells are a good model for osteoblast studies, as they express high amounts of ALP, produce minerals and have the ability to differentiate into osteocytes [20] . MC3T3-E1 cultures were maintained in a-MEM supplemented with 5 per cent FBS, 2 mM L-glutamine, 100 U ml 21 penicillin and 100 mg ml 21 streptomycin. Balb/c primary MSC cultures were obtained and characterized according to the protocols of Peister et al. and as previously described [21, 22] . Briefly, femurs and tibiae were removed from 8 -10-week old female and male mice, and cultured in RPMI-1640 medium supplemented with 9 per cent FBS, 9 per cent horse serum (HS), 100 U ml 21 penicillin, 100 g ml 21 streptomycin and 2 M L-glutamine. The ends of the bones were clipped off, and bones were centrifuged at 400g for 2 min. The cell pellets were plated onto a T175 flask for 24 h, following which the flask was washed with sterile phosphate-buffered solution (PBS). Media were replenished and cells were cultured until large colonies were observed (approx. 4 days), after which cells were replated and cultured for a further 10 days. Balb/c MSCs for experiments were maintained in Iscoves MEM supplemented with 10 per cent FBS, 10 per cent HS, 2 mM L-glutamine, 100 U ml 21 penicillin and 100 mg ml 21 streptomycin until confluent. The osteogenic, chondrogenic and adipogenic potential of these MSCs was confirmed as previously described [21] .
MC3T3-E1s and MSCs were maintained in either expansion or osteogenic culture conditions to investigate the regeneration capacity following heat-shock. The expansion culture media were supplemented with 5 mM b-glycerophosphate, 50 mg ml 21 ascorbic acid and 10 nM dexamethasone to imitate osteogenic culture conditions. All cells were maintained in 75 cm 2 tissue culture flasks at 378C in a 5 per cent CO 2 -humidified atmosphere. Once confluent, cells were detached using trypsin -EDTA, seeded at a density of 10 4 cells cm 22 and pre-incubated for 24 h prior to heat exposure experiments. All chemicals and reagents were purchased from Sigma-Aldrich, unless otherwise stated.
Heat exposure experiments
Balb/c MSC, MLO-Y4 and MC3T3-E1 cells were exposed to preheated media at either 378C (control), 458C, 478C or 608C, and maintained on a hot plate at these temperatures for 30 s or 1 min. On the basis of in vivo studies, 608C was chosen to be an extreme case where widespread cellular death with limited recovery was expected to occur, whereas 478C was taken as the threshold for cellular damage initiation [4, 6] . The temperature accuracy of the hot plate is +0.38C, and the uniformity of temperature distribution on the surface of the plate is +0.28C. A thermocouple was inserted into an unused well to monitor the temperature of the preheated media, and this temperature measurement was accurate to +18C for the duration of exposure. After heat exposure, cells were returned to normal culture conditions in a CO 2 incubator at 378C and cultured for varying recovery periods of 0, 12, 24 h, 4, 7 and 14 days.
Fluorescent microscopy
After each recovery period, Balb/c MSC, MLO-Y4 and MC3T3-E1 cells exposed to heat-shock were fixed in 4 per cent paraformaldehyde for 15 min and permeabilized in 0.1 per cent Triton X-100 for 5 min. The actin cytoskeleton was stained by incubating the cell in PBS containing 1 per cent fluorescein isothiocyanate (FITC)-conjugated phalloidin for 45 min at room temperature. The coverslips were mounted with Vectashield mounting media with 4,6-diamidino-2-phenylindole (DAPI) nuclear counter stain. Fluorescence was visualized with an Olympus BX51 upright fluorescent microscope at 20Â magnification.
Flow cytometry
Analysis of apoptosis and necrosis in cells immediately after exposure and following recovery periods of 12, 24 h and 4 days was performed by staining with propidium iodide (PI) and Annexin V-FITC (ImmunoTools GmbH, Germany) using a flow cytometer (BD FACS CANTO). PI stains cells that have lost membrane integrity (a feature of necrosis), whereas annexin V-FITC stains phosphatidylserine (PS) (a phospholipid that translocates from inside to outside the lipid membrane during apoptosis). Live cells are double negative for annexin V-FITC and PI, apoptotic cells are annexin V-FITC positive and PI negative, and advanced apoptotic and necrotic cells are positive for both annexin V-FITC and PI. Floating cells were collected, and adherent cells were detached by incubation with trypsin-EDTA for 2 min. Cells were washed and resuspended in 500 ml of annexin V buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCL, 1 mM MgCl 2 , 1.8 mM CaCl 2 ) [23] . Annexin V-FITC (7 mg ml
21
) was added, and samples were incubated for 15 min on ice and in the dark. Subsequently, 4 ml of 20 mg ml 21 PI was added to each sample, vortexed briefly. Stained cells were subjected to flow cytometric analysis. Annexin V staining was detected in the FL1 channel, and PI was detected in the FL2 channel. A minimum of 10 000 events were acquired, and cell debris was excluded from analysis by appropriate forward and right angle scatter threshold settings.
Determination of alkaline phosphatase activity
ALP expression indicates differentiation along the osteoblastic lineage and is an early marker of mineralization. ALP content was quantified using a colorimetric assay that uses p-nitrophenyl phosphate ( p-NPP) as a phosphate substrate. To quantify intracellular ALP, cell lysate was prepared using three cycles of freezethaw in deionized distilled water. Extracellular ALP secretion was analysed from samples of spent media collected from cells immediately after heat treatment and following recovery periods of 7 and 14 days, and stored at 2808C until use. A 40 ml sample of cell lysate or spent media was added to a 96-well plate, and the volume was brought up to 80 ml with deionized water (ddH 2 O), to which 50 ml of 5 mM p-NPP solution (Sigmafast p-NPP) was added. After incubation at room temperature for 1 h, absorbance was measured at 405 nm using an atomic absorbance spectrophotometer (Wallac Victor, PerkinElmer Life Science). Specific ALP activity was quantified against a standard curve of 0 -80 nM p-NPP, and expressed as U ml
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.
Quantification of mineralization
After recovery periods of 7 and 14 days, MC3T3-E1 and Balb/c cells were washed gently with PBS and fixed with 4 per cent paraformaldehyde for 15 min. The mineralized matrix was quantified by alizarin red S staining methods [15, 24] . Alizarin red S (1 mole) binds to two moles of calcium, forming an alizarin red S-calcium complex. Briefly, samples were stained with 40 mM alizarin red S ( pH 4.2) for 15 min at room temperature on an orbital rotator. Samples were rinsed gently three times with distilled water to remove any unbound solution and then quantified by incubation with preheated 10% (wt/vol) cethylpyridium chloride for 20 min on an orbital rotator (Gyro-rocker SSL3, Stuart Scientific). Absorbance was measured at 562 nm using an atomic absorbance spectrophotometer (Wallac Victor). Using a standard curve, the absorption reading was converted to calcium ion concentration, and results were normalized to cell number to estimate calcium concentration per cell.
DNA content
DNA content was determined following recovery periods of 7 and 14 days, using a Hoechst DNA assay [25] . Briefly, cells were subjected to cell lysis by three cycles of freeze -thawing in molecular grade water. The Hoechst 33258 (Sigma) working dye solution was prepared by adding 20 ml of Hoechst buffer (100 mM Tris, 2 M NaCl and 10 mM EDTA) to 30 ml of dH 2 O and 5 ml of 1 mg ml 21 Hoechst dye, and the solution was protected from light. One hundred and forty microlitres of the cell lysate was mixed with 60 ml of Hoechst working solution and incubated in the dark for 10 min. The fluorescence was measured at an emission of 460 nm and an excitation of 365 nm using an atomic absorbance spectrophotometer (Wallac Victor). DNA content was determined by using a known amount of purified calf thymus DNA as the standard.
Statistics
Experiments were conducted in triplicate and repeated, giving n ¼ 6 per group. Data are expressed as a mean + s.d. Statistical differences between groups were determined using an ANOVA-crossed factor model, defined using the general linear model ANOVA function. Tukey's test method for comparison between treatments at each time point was used to determine statistical significance defined as p 0.05 (MINITAB v. 16).
RESULTS
Effects of heat-shock on cellular morphology
The effects of heat-shock on cell morphology and structure after recovery of 24 h can be seen clearly in figure 1. MC3T3-E1s cultured at 378C (control) show a confluent cell layer with a spread morphology, characteristic of healthy cells. Cells exposed to 458C for 1 min have a slightly reduced cell number, but the cells present have a spread morphology. Cells exposed to 478C for 1 min show a reduced cell population and areas of highly concentrated staining in the cytoskeleton, which suggests blebbing of the membrane with some visible detaching and rounded cell bodies, characteristic of necrosis and apoptosis. A similar response is seen in MC3T3-E1s exposed to 608C, having a largely depleted cell number compared with the control.
Effects of heat-shock on MC3T3-E1 cellular
viability, necrosis and apoptosis 3.2.1. Cell viability MC3T3-E1s exposed to heat-shock show a degree of responses varying with temperature and duration of exposure. The number of viable MC3T3-E1s is significantly decreased immediately after cells are exposed to 608C for 30 s and 1 min compared with the control (figure 2a). After 12 h, viability is significantly reduced after exposure to 478C and 608C for 30 s and 1 min compared with the control (figure 2b). After 24 h, a significant decrease in viable MC3T3-E1s is observed after exposure to all elevated temperatures and durations compared with control (378C; figure 2c). At 4 days, MC3T3-E1 viability is significantly decreased following exposure to heat-shock more than equal to 458C for 1 min (figure 2d ).
Cell necrosis
A significant initial necrotic response is observed after exposure of cells to all elevated temperatures for all durations, compared with the control (figure 2a). After 12 h, a significantly increased necrotic MC3T3-E1 population is observed after exposure to 478C and 608C for 30 s and 1 min compared with the control (figure 2b). Following 24 h, a significantly increased necrotic MC3T3-E1 population is observed in cells exposed to heat-shock at all elevated temperatures and durations (figure 2c). At 4 days, MC3T3-E1s exposed to more than equal to 458C for 1 min exhibit a significantly increased necrotic cell population (figure 2d).
Cell apoptosis
An immediate (less than 1 h) significant increase in the number of apoptotic MC3T3-E1s is seen after exposure to 608C for 30 s and 1 min compared with the control (figure 2a). After 12 h recovery, a significant increase in the number of apoptotic MC3T3-E1s was observed only in cells exposed to 458C and 478C for 1 min compared with the control (figure 2b). Following 24 h recovery, a significantly increased apoptotic cell population is observed in all MC3T3-E1s exposed to all elevated temperatures and durations compared with control (378C; p 0.0166; figure 2c). After 4 days, the apoptotic cell population is significantly increased in MC3T3-E1s exposed to heat-shock more than equal to 458C for 1 min compared with control (378C; p ¼ 0.0001; figure 2d).
Effects of heat-shock on MLO-Y4 cellular viability, necrosis and apoptosis
Cell viability
An immediate significant decrease in the number of viable MLO-Y4s is seen after exposure to 608C for 30 s and 1 min compared with the control (figure 2e). After 12 and 24 h recovery, a significant reduction in the number of viable MLO-Y4s is seen after exposure to all elevated temperatures and durations compared with control (378C; p 0.0001; figure 2f,g). Following a recovery period of 4 days, a significant reduction in viability is seen in cells exposed to 478C and 608C for 30 s and 1 min compared with the control (figure 2h).
Cell necrosis
An initial necrotic response is observed in MLO-Y4s exposed to 608C for 30 s p ¼ 0.0041, less than 1 h after exposure (figure 2e). After 12 h recovery, a significant increase in necrotic MLO-Y4s is seen after exposure to all elevated temperatures and durations compared with the control (378C; p 0.0003; figure 2f ). Following 24 h recovery, a significant increase in the necrotic response is seen in cells exposed to 478C and 608C for 30 s and 1 min compared with the control (figure 2g). After 4 days recovery, MLO-Y4 cell necrosis is significantly increased after exposure to severe heat-shock of 608C for 30 s and 1 min compared with the control (figure 2h).
Cell apoptosis
A minimal initial apoptotic response is observed in MLOY4s less than 1 h after exposure. No significant difference in cell apoptosis was observed in any group exposed to elevated temperature immediately after exposure compared with control (figure 2e). After 12 h recovery, a significant increase in apoptotic MLO-Y4 cells is seen after exposure to 458C for 30 s and 1 min compared with the control (figure 2f ). After 24 h, the apoptotic response is more severe with a significant increase in apoptosis for cells exposed to 458C and 478C for 30 s and 1 min compared with the control, p ¼ 0.0001 (figure 2g). After 4 days recovery, a significantly higher apoptotic cell population is observed in all MLO-Y4s exposed to all elevated temperatures and durations compared with control, p 0.03 (figure 2h). osteogenic conditions being consistently higher than cells cultured in expansion media. Following 7 days recovery, ALP expression was significantly increased in cells exposed to 478C and 608C for 30 s and 1 min compared with the control. After 14 days, ALP per cell is significantly higher in all cells exposed to elevated temperatures compared with the control, p 0.0005. Focusing on the total ALP expression of the cell population, an immediate significant reduction of ALP ml 21 is observed in all groups exposed to heat-shock and cultured under osteogenic conditions ( p ¼ 0.0001; figure 4b). By 14 days, ALP ml 21 is significantly increased in cells exposed to 458C and 478C for 30 s and 1 min, and significantly decreased in cells exposed to 608C for 30 s and 1 min compared with control, p ¼ 0.0001. Extracellular ALP expression of Balb/c MSCs cultured in expansion media show a similar trend to cells cultured in osteogenic conditions. An immediate decrease in ALP expression per cell is seen in cells exposed to 478C and 608C for 30 s and 1 min, p 0.0001 compared with the control (figure 4c). After 7 days recovery, a significant increase in ALP expression per cell is seen in cells exposed to 478C and 608C for 30 s and 1 min, p 0.0162 compared with the control. At 14 days, a significant increase in ALP expression per cell is observed in all cells exposed to elevated temperatures more than equal to 458C for 1 min, p 0.0006 compared with the control.
An immediate decrease in total ALP expression is seen in cells exposed to 478C and 608C for 30 s and 1 min, p 0.0001 compared with the control, (figure 4d). Total ALP expression of the cell population after 14 days recovery is significantly reduced in cells exposed to temperatures more than equal to 478C for 1 min compared with control, p ¼ 0.0001.
Following 7 and 14 days recovery, extracellular ALP expression of MC3T3-E1s exposed to 478C for 1 min and 608C for 30 s and 1 min and cultured in osteogenic conditions was statistically increased compared with the control, p 0.0234 (figure 4e). No significant difference is seen in total ALP expression per millilitre is observed for any treatment group at any time point (figure 4f ).
When cultured in expansion media, extracellular ALP expression of MC3T3-E1s was immediately significantly reduced after cells were exposed to 478C and 608C for 30 s and 1 min, p 0.0001 (figure 4g). Similar to cells cultured in osteogenic conditions, after 7 and 14 days recovery, a significant increase in ALP secretion per cell is seen after exposure to 478C and 608C for 30 s and 1 min, p 0.0001.
An initial significant decrease in overall ALP secretion per millilitre is observed in cells exposed to 478C and 608C for 30 s and 1 min (figure 4h). After 14 days recovery, ALP ml 21 is significantly increased in MC3T3-E1s exposed to all treatment groups compared with the control, p 0.0002. Similarly, at 14 days, calcium deposition is significantly increased in cells exposed to 458C for 1 min, 478C and 608C for 30 s and 1 min compared with the control. There is no significant difference in the total calcium deposition per millilitre immediately after heat-shock or Statistical significance between groups exposed to heat-shock compared with the control: asterisks denote at day 0; arrowheads denote at day 7 and 'a' denotes at day 14 ( p 0.05). ,f,h) with 0, 7 and 14 days recovery at 378C. Statistical significance between groups exposed to heat-shock compared with the control: asterisks denote at day 0; arrowheads denote at day 7 and 'a' denotes at day 14 ( p 0.05).
Calcium deposition
following 7 days recovery; however, at 14 days, calcium production is significantly decreased in cells exposed to 608C for 30 s and 1 min compared with the control. Calcium deposition of Balb/c MSCs cultured in expansion media shows a similar trend to the cells cultured in osteogenic media when normalized to pg DNA ( figure 5c ). An immediate increase in calcium deposition is seen in cells exposed to more than equal to 478C for 1 min. After 7 days, a significant increase in calcium deposition is seen in MSCs exposed to 478C for 30 s and 608C for 30 s and 1 min, p ¼ 0.0001. At 14 days, a significant increase is observed in cells exposed to 608C for 30 s and 1 min, p ¼ 0.0001.
The total calcium deposition per millilitre is significantly decreased in cells exposed to 478C and 608C for 30 s and 1 min, compared with the control after 7 days, p 0.01. Similarly, at 14 days, there is a significant decrease in calcium deposition per millilitre in cells exposed to 478C for 1 min, 608C for 30 s and 1 min compared with the control.
Under osteogenic conditions, calcium deposition per pg DNA of MC3T3-E1 cells exposed to 608C for 30 s and 1 min is significantly higher than control, following 7 days recovery (figure 5e). After 14 days, calcium production per cell is significantly increased in cells exposed to 478C and 608C for 30 s and 1 min compared with the control. There is no significant difference in the overall calcium deposition per millilitre at any time point (figure 5f ).
When cultured in expansion media, a similar trend is seen as osteogenic conditions (figure 5g). Following 7 and 14 days recovery, calcium deposition per picogram DNA is significantly higher in cells exposed to 608C for 30 s and 1 min compared with control, p ¼ 0.0001. There is no significant difference in the overall calcium deposition per millilitre at any time point.
DISCUSSION
This study provides a novel insight into the immediate and long-term cellular responses to elevated temperatures experienced in bone tissue during surgical cutting. The effects of heat-shock on bone cell viability and regeneration capacity are shown to be dependent on the degree of temperature elevation, the duration of exposure and the phenotype of the cell. The biological response of bone cells to elevated temperatures is characterized by an immediate necrotic response followed by later-stage apoptosis. Furthermore, is it shown that these biological responses are minimized if heatshock is maintained below a critical temperature of less than equal to 478C for 1 min. This study reports that osteoblast-like cells are more susceptible to heat-induced cellular death than osteocyte-like cells. When heat-shock is minimized to 458C for 1 min for MLO-Y4 cells, complete recovery (as indicated by percentage necrosis, viability and population size) occurs after 4 days, whereas MC3T3-E1 cells can withstand the same temperature only for 30 s. Most interestingly, it is shown that after 14 days recovery an increase in intracellular ALP production, indicating osteogenic differentiation, occurs in MSCs exposed to mild heat-shock (less than or equal to 478C for 1 min) as well as increased ALP secretion and calcium deposition of MSCs and MC3T3-E1 cells after exposure to heat-shock.
In vivo studies have identified 478C as the threshold temperature at which morphological bone tissue damage occurs [5] . ALP denaturation has been reported to occur at 568C [26] and when bone is heated to 608C, obvious bone tissue necrosis occurs without signs of vascular recovery over a follow-up period of 100 days [4, 5] . Irreparable tissue damage was reported for temperatures greater than or equal to 708C for 1 min [27] . The threshold for bone tissue injury has been defined as 478C for 1 min, based on histological observations of cortical necrosis in rabbit bone [5] . These studies suggest that in vivo exposure of bone tissue to cutting temperatures of 478C for 1 min resulted in bone resorption after 30 days, and proposed that this resorption would have a negative effect on the long-term anchorage of orthopaedic implants [4, 5] . The findings of the current study suggest that minimizing temperature elevation to less than 478C reduces the number of necrotic and apoptotic cells. It is interesting to speculate on the differences in timing of initiation of apoptosis and necrosis observed in our studies. Apoptosis is a complex tightly regulated sequence, whereby the cell systematically degrades its functional and structural constituents [2] . The time period of initiation of apoptotic cell death to final-stage fragmentation can be several hours, depending on the severity of the damage, cell type and apoptotic pathway [12] , and is accredited to the time involved in pro-apoptotic protein synthesis. However, an immediate form of preprogrammed apoptosis can also be triggered in less than 30 min, whereby all the necessary cellular components are constitutively synthesized and only need to be activated [28] . The authors propose that temperature elevations induced in this study are activating both immediate apoptosis (more than 1 h) and later-stage apoptosis pathways (less than 4 h).
The findings of the current study also suggest that minimizing temperature elevation to less than 478C enhances tissue regeneration by inducing mineralization of MC3T3-E1 cells as well as differentiation and mineralization of MSCs. This observed regenerative response is in agreement with previous studies that showed that exposure of osteoprogenitor cells to mild heat-shock (39-42.58C)-induced differentiation along the osteoblastic line and enhanced mineralized nodule formation [15, 24] . In these studies, however, the duration of exposure to elevated temperatures is much longer than what is likely to occur during surgical cutting procedures. The results of the current study propose that there is a synergistic effect of minimizing heat-shock to less than 478C for 1 min, which minimizes cell mortality and also induces mineralized matrix production. These findings provide a profile of cellular reactions that may inform the design of future surgical instrumentation, whereby post-operative healing can be optimized to reduce patient recovery time and the need for revision operations.
Interestingly, an additional response of cells exposed to severe heat-shock (608C for 30 s and 1 min) is found, whereby ALP production and calcium deposition is largely increased (figure 5). These findings might be accredited to hypermineralization of the cells. Hypermineralization of osteocyte lacunae (micropetrosis) is a phenomenon described by Frost in 1960, and was proposed to occur during or after osteocyte death [29] [30] [31] . A recent study reported that osteocyte lacunae in aged bone showed an increase in hypermineralized calcium phosphate occlusions as well as a decrease in osteocyte lacunar density, compared with younger bone [32] . These studies suggest a strong link between bone cell death and mineralization, which agrees with our results.
The use of the cell-lines MLO-Y4 and MC3T3-E1 is a possible limitation to this study. However, both celllines have been shown to be appropriate representatives of primary osteocytes and osteoblasts, and are widely used to study bone cell biology in vitro [19, 20, 33, 34] . A further limitation is that cells were cultured in monolayer on tissue culture plastic, which means that they are organized two-dimensionally, whereas in vivo osteocytes are embedded within a three-dimensional collagen and mineral matrix. Depending on the location of the bone cells within the bone tissue, the health and condition of the bone, the mineralized matrix may alter the direct exposure of cells to temperature. Therefore, while temperatures experienced by bone tissue have been shown to reach 608C [35] , it is not yet known whether such temperatures are indeed experienced by the cells embedded within the mineralized bone matrix. Nonetheless, these studies provide a direct insight into the effects of elevated temperature over short durations on cell viability and tissue regeneration. Future studies are required to fully characterize the temperatures experienced by bone cells in vivo.
Temperature elevations during surgical cutting are difficult to avoid, and are dependent on a number of factors, including force applied, speed of cut, health of bone, geometry of blade, depth of cut and irrigation technique [3, 7] . Previous studies have identified bone tissue damage at 478C and have taken this temperature to be the threshold for thermal necrosis [5] . Our results suggest that this threshold is slightly lower than previously identified (458C), but although a certain amount of cellular damage is indeed initiated when cells are exposed to temperatures above the control of 378C, this is minimal (figure 2). Therefore, while temperature elevations above 378C are inevitable, our study shows that as long as temperatures are maintained less than equal to 458C, there is a synergistic effect of minimizing necrosis and apoptosis, but also enhanced tissue regeneration that may in fact accelerate the healing process. Cooling of the surgical tool and surrounding bone by means of irrigation can limit temperature elevations to less than 108C during surgical procedures [36] , and maintain temperatures below the values associated with bone necrosis [7] . Therefore, based on our results, cooling may have a positive effect on tissue regeneration by minimizing temperature elevations to below 478C. However, irrigation by manual methods in clinical situations leads to inconsistent cooling with often only the superficial bone experiencing the cooling effect [37] , and as such, all cells may not be protected from harmful temperature elevations.
It is intriguing to speculate on the mechanisms by which heat-shock induces necrosis and apoptosis in bone cells. It has been previously shown that an upregulation of the heat-shock protein HSP70 occurs in osteoblasts heat-treated to 458C and 488C for 10 min [2] . HSP70 is directly involved in the apoptotic process by having a protective role in stress responses [38] . The protective mechanism of HSP70 has been shown to have the ability to repair cellular damage and prevent apoptosis in rat calvarial osteoblasts treated to 458C but not in cells treated to 488C [2] . The findings of this study provide a novel insight into the precise effects of thermal injury occurring during surgical cutting procedures, whereby bone cells appear to be much more sensitive than previously reported [2] with significant changes in cell viability and regeneration occur after very short durations to temperature elevations (30 s and 1 min) . Previous understanding of cellular responses to thermal insult has been obtained from longer duration experiments (10 min) [2] , which are not representative of continuous surgical cutting of bone tissue. Additionally, this study examines the longer-term outcome following short periods of thermal injury and observe a distinct apoptotic response in MLO-Y4 cells that initiates 24 h after cells were exposed to 458C and 478C. A continued apoptotic response is observed after 4 days recovery, which could be accredited to the systematic degradation of the apoptotic cell and the formation of smaller membrane-bound vesicles (apoptotic bodies). These apoptotic bodies are rapidly removed in vivo by phagocytic cells, and therefore the inflammatory response is minimized [13] .
Interestingly, MLO-Y4s were found to be more resilient to heat-shock than MC3T3-E1s. Osteocytes are terminally differentiated osteoblasts that are embedded within a mineralized bone matrix. Owing to their position within the bone and their complex communication network, it has been widely accepted that osteocytes are sensory cells that can control and regulate mineralization in response to mechanical stimuli or tissue damage [33, 39, 40] . A recent study examined whether cells, having undergone mechanical damage in the form of cell process rupture, emitted biochemical signals to neighbouring cells to initiate a response to damage [41] . It was demonstrated that when MLO-Y4 cell networks were subjected to mechanical damage (160-800 mm planar, crack-like defects), altered production of cytokines known to regulate bone remodelling (receptor activator of NFkB ligand, osteoprotegerin) occurred depending on the extent of damage and recovery time following application of injury [41] . This study proposed that in spite of an injured cell's impaired viability, microcracks were detected by surrounding non-injured cells, which can signal to initiate the repair response in neighbouring cells [41] . The findings of this study suggest that cellular damage induced due to temperature elevations might stimulate bone remodelling in a similar manner. Furthermore, these results report for the first time that MLO-Y4s are more robust than MC3T3-E1s under heat-shock. It is proposed that this difference reflects the role of osteocytes as sensory cells embedded within bone tissue, detecting damage and stimulating a response in neighbouring cells.
In conclusion, the results of this study indicate that an immediate necrotic response to heat-shock occurs in bone Heat-shock-induced cellular responses E. B. Dolan et al. 3511 cells exposed to elevated temperatures and show, for the first time, that if the level of heat-shock is above a critical level, then an additional longer-term apoptotic response is observed up to 4 days recovery. When heat-shock is minimized to 458C for 1 min for MLO-Y4 cells and 458C for 30 s for MC3T3-E1 cells, populations showed recovery, with viability and population size comparable to control by 4 days. At higher temperatures (608C), an immediate depletion in cell population occurs without recovery up to 14 days. Interestingly, osteocyte-like cells are reported to be more resilient to heat treatment than osteoblasts, which may reflect their role as sensors embedded within bone tissue. Furthermore, heat-shock was found to induce differentiation and mineralization by osteoprogenitor cells. There is a distinct need for a thorough biological understanding to allow continual innovation of surgical instrumentation to enhance postsurgical patient outcome. The results of this study indicate that mild heat-shock might positively affect healing by inducing osseointegration of orthopaedic implants and thereby may improve patient outcome.
